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Edited by Peter BrzezinskiAbstract Heterodisulﬁde reductase (HDR) catalyzes the forma-
tion of coenzyme M (CoM–SH) and coenzyme B (CoB–SH) by
the reversible reduction of the heterodisulﬁde, CoM–S–S–CoB.
This reaction recycles the two thiol coenzymes involved in the ﬁ-
nal step of microbial methanogenesis. Electron paramagnetic res-
onance (EPR) and variable-temperature magnetic circular
dichroism spectroscopic experiments on oxidized HDR incubated
with CoM–SH revealed a S = 1/2 [4Fe–4S]3+ cluster, the EPR
spectrum of which is broadened in the presence of CoM–33SH
[Duin, E.C., Madadi-Kahkesh, S., Hedderich, R., Clay, M.D.
and Johnson, M.K. (2002) Heterodisulﬁde reductase fromMeth-
anothermobacter marburgensis contains an active-site [4Fe–4S]
cluster that is directly involved in mediating heterodisulﬁde reduc-
tion. FEBS Lett. 512, 263–268; Duin, E.C., Bauer, C., Jaun, B.
and Hedderich, R. (2003) Coenzyme M binds to a [4Fe–4S] clus-
ter in the active site of heterodisulﬁde reductase as deduced from
EPR studies with the [33S]coenzyme M-treated enzyme. FEBS
Lett. 538, 81–84]. These results provide indirect evidence that
the disulﬁde binds to the iron–sulfur cluster during reduction.
We report here direct structural evidence for this interaction from
Se X-ray absorption spectroscopic investigation of HDR treated
with the selenium analog of coenzyme M (CoM–SeH). Se K edge
extended X-ray absorption ﬁne structure conﬁrms a direct inter-
action of the Se in CoM–SeH-treated HDR with an Fe atom of
the Fe–S cluster at an Fe–Se distance of 2.4 A˚.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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doi:10.1016/j.febslet.2005.02.034conversion of the heterodisulﬁde, CoM–S–S–CoB, into the
sulfhydryls coenzyme M (CoM–SH) and coenzyme B (CoB–
SH). During methanogenesis, methyl coenzyme M (CH3–S–
CoM) reductase catalyzes the reaction of CH3–S–CoM with
CoB–SH producing methane and CoM–S–S–CoB. The disul-
ﬁde product then acts as an electron acceptor of the electron
transport chain involved in disulﬁde respiration [1].
Recent studies reported the observation of a paramagnetic
intermediate generated upon half-reaction of the electron para-
magnetic resonance (EPR)-silent oxidized enzyme with CoM–
SH in the absence of CoB–SH [2]. The S = 1/2 species, desig-
nated as CoM–HDR, can be reduced in a one-electron step
but not further oxidized. The g-values, 2.013, 1.991, 1.938
(for HDR from M. marburgensis), and signal broadening in
the 57Fe-enriched enzyme indicated that the intermediate is
iron-based. The combination of variable-temperature mag-
netic circular dichroism experiments and EPR with 33S-labeled
CoM–SH lead to the proposal that the reaction intermediate is
a novel substrate-bound [4Fe–4S]3+ cluster with two thiolate li-
gands at a unique Fe site [3,4]. Using 57Fe pulsed ENDOR at
two very diﬀerent frequencies, 9 and 94 GHz, direct evidence
was provided that the paramagnetic species in CoM–HDR is
a [4Fe–4S]3+ cluster with unusually large 57Fe isotropic hyper-
ﬁne coupling values that reveal the complex nature of the inter-
action between the cluster and the CoM–SH substrate [5].
Taken together these results provide indirect evidence that
the reactant disulﬁde or product CoM–SH binds directly to
the iron–sulfur (Fe–S) cluster during the catalytic cycle.
With the substrate analog seleno-coenzyme M (2-selenyle-
thane-sulfonate; CoM–SeH), a similar EPR signal was ob-
tained again indicative for direct binding of the compound
to the active-site cluster of HDR [4]. We report herein direct
structural characterization of this interaction using Se X-ray
absorption spectroscopic (XAS) investigation of HDR incu-
bated with CoM–SeH prepared from CoM–Se–Se–CoM by
reduction with dithiothreitol (DTT).2. Methods
2.1. Synthesis of CoM–SeH
2-Selenylethanesulfonate (CoM–SeH) was freshly prepared prior to
use from the corresponding diselenide (CoM–Se–Se–CoM, synthesized
by NaBH4 reduction of 2-selenocyanoethanesulfonate [4]) by DTT
reduction. CoM–Se–Se–CoM (40 mM) and DTT (80 mM) in 2 mL
water were incubated for 14 h at room temperature under N2. CoM–
SeH was puriﬁed by anion exchange chromatography on Mono Qblished by Elsevier B.V. All rights reserved.
Fig. 1. Se K edge spectra (A), and FTs (B) (k = 2–13 A˚1) for CoM–
Se–Se–CoM (dashed) and CoM–SeH (solid). k3-weighted EXAFS data
are presented as inset to B.
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column equilibrated with 50 mM Mops, pH 7. Subsequently, the col-
umn was washed with 30 mL of this buﬀer to remove DTT. CoM–SeH
and CoM–Se–Se–CoM were separated by applying a linear NaCl gra-
dient (0–0.5 M; 60 mL). CoM–SeH was identiﬁed and quantiﬁed with
Ellmans reagent.
2.2. Sample preparation
HDR was puriﬁed from Methanothermobacter marburgensis under
strictly anaerobic conditions as described [2]. Protein was judged to
be >95% pure by SDS/PAGE. The protein concentration was deter-
mined by using the method of Bradford with bovine serum albumin
(Serva) as standard. The method was calibrated by a quantitative ami-
no acid analysis. The CoM–SeH adduct of HDR was made by oxidiz-
ing the enzyme (13 mg protein in 1 mL 50 mM Tris/HCl, pH 7.6) with
2 mM duroquinone (E 0 = + 86 mV vs. NHE) followed by the addition
of 0.5 mM CoM–SeH, and incubation at room temperature for 30 min.
Alternatively, the CoM–Se–HDR adduct was formed by adding a mix-
ture of CoM–Se–Se–CoM (0.8 mM) and DTT (0.4 mM), that had been
preincubated for 12 h, to HDR. To remove non-protein bound sub-
strate, the 1-mL samples were diluted to 4.5 mL and concentrated to
0.1 mL by ultraﬁltration using Amicon Ultra-4 Centrifugal Filter
Units (Millipore) with a 100-kDa cut-oﬀ. This washing step was re-
peated 4 times. The washed protein was ﬁnally concentrated to 0.1
mL and ethylene glycol was added to a ﬁnal concentration of 20%.
The ﬁnal enzyme concentration was 0.8 mM. The sample was loaded
into a 24 · 3 · 2 mm polycarbonate cuvet (with one 24 · 3-mm wall
consisting of 25 lm X-ray-transparent Mylar tape) and immediately
frozen in liquid nitrogen.
2.3. X-ray absorption spectroscopy
X-ray absorption spectra were collected at the Stanford Synchrotron
Radiation Laboratory (SSRL) on beamline 9-3 with the SPEAR2 ring
operating at 3.0 GeV, 60–100 mA. Fluorescence excitation spectra
were recorded with the sample at 10 K using 1 mm vertically apertured
beam incident on a Si[220] double-crystal monochromator that was
fully tuned. The averaged XAS data represent 10 scans, each of 21
min duration. EXAFSPAK software (www-ssrl.slac.stanford.edu/exaf-
spak.html) was used for data reduction and analysis, according to
standard procedures [6]. Energy calibration was achieved using the ﬁrst
inﬂection of the edge of powdered elemental Se (assumed to be
12658 eV). The Fourier transforms (FTs) of the extended X-ray
absorption ﬁne structure (EXAFS) data were generated using sulfur-
based phase correction. The substrate/product analogs, CoM–Se–Se–
CoM and CoM–SeH, were analyzed in the same manner; however,
the availability of high substrate concentration in solution
(7.7 mM) produced a higher signal-to-noise ratio for the data, allow-
ing fewer scans to be recorded. The multiple scattering model (designed
for the aqueous CoM–SeH sample), calculated using FEFF version 8.2
[7,8], was based on linear Se  H–O, from hydrogen-bonded water
molecules near the Se atom.3. Results
Fig. 1 compares the Se XAS data for a sample of the disel-
enide, CoM–Se–Se–CoM (dashed line) with the reduced sam-
ple, nominally CoM–SeH (solid line). Detailed curve-ﬁtting
analysis of the CoM–Se–Se–CoM data revealed a best ﬁt
assuming a Se–C,Se coordination environment, as expected
(Table 1, ﬁt 2).
The diselenide was reduced (to CoM–SeH) using DTT and
was subsequently puriﬁed by anion exchange chromatography
to remove unreacted CoM–Se–Se–CoM and DTT. Reduction
was expected to result in Se coordination to one carbon atom
(and perhaps a hydrogen atom, which cannot be detected by
XAS). In the FTs (Fig. 1B), the Se–Se peak (2.3 A˚) is reduced
signiﬁcantly in the ‘‘CoM–SeH’’ sample (solid line), but not
eliminated. This led us to question whether partial reoxidation
to the diselenide had occurred after reduction and puriﬁcation.To quantify any diselenide remaining (or reformed by partial
oxidation) in the ‘‘CoM–SeH’’ sample, we used the Se–Se ﬁt-
ting parameters of the known diselenide EXAFS (Table 1, ﬁt
2), and ﬁt the ‘‘CoM–SeH’’ Se EXAFS to determine the
amount of diselenide remaining. Assuming the same Debye-
Waller factor ðr2asÞ for Se–Se found in CoM–Se–Se–CoM ﬁts,
we determined that each Se sees approximately 0.4 Se in addi-
tion to a C (Table 1, ﬁts 6–8), implying that about 25% CoM–
Se–Se–CoM remained in this ‘‘CoM–SeH’’ sample.
It can also be seen in Fig. 1B that the ‘‘CoM–SeH’’ FT (solid
line) exhibits another interaction at 3.2 A˚ that we suggest
represents the oxygen atoms of hydrogen-bonded water mole-
cules (with reasonable Se  O distances of 3.2 A˚) in this
aqueous sample. Two to four H2O molecules (with three most
likely) could be hydrogen bonded in this way to the CoM–Se
anion (Table 1, ﬁts 6–8).
HDR was reacted either with anaerobically puriﬁed ‘‘CoM–
SeH’’ (HDR + CoM–SeH) or with the crude reaction mixture
of CoM–Se–Se–CoM and DTT (HDR + CoM–Se–Se–
CoM + DTT). In both cases, excess reactant was removed by
extensive washing (by ultraﬁltration) of the protein sample. Ali-
quots of each sample were analyzed by EPR spectroscopy to
conﬁrm the formation of the CoM–SeH-induced EPR signal
that has been described previously [4]. Se XAS results for both
samples are presented in Fig. 2 and the data are nearly identical
in both edge and EXAFS regions. Both edge data (Fig. 2A) and
the position of the major FT peak (Fig. 2B) suggest a Se envi-
ronment quite diﬀerent from that in the CoM–Se–Se–CoM
substrate alone. Based on curve-ﬁtting analysis, the best ﬁts
for both HDR samples are consistent with a model that con-
Table 1
Curve ﬁtting results for Se EXAFSa
Sample ﬁlename (k range) Dk3v Fit Shell Ras (A˚) r2as (A˚
2) DE0 (eV) f 0
b
CoM–Se–Se–CoM 1 Se–Se1 2.31 0.0027 1.68 0.060
ECM2A (2–13 A˚1) 2 Se–C1 1.97 0.0013 2.89 0.042
Dk3v = 10.56 Se–Se1 2.31 0.0023
3 Se–C1 1.99 0.0041 7.74 0.056
Se–Fe1 2.37 0.0012
CoM–SeH 4 Se–C1 2.99 0.0037 3.28 0.134
ECOMC (2–13 A˚1) 5 Se–C1 1.91 0.0002c 10.16 0.098
Dk3v = 9.43 Se–Se1 2.29 0.0069
6 Se–C1 1.92 0.0009 7.42 0.082
Se–Se0.42 2.28 [0.0023]
d
Se–H2 1.88 0.0034
Se–O2 [3.25] 0.0059
7 Se–C1 1.92 0.0009 6.98 0.081
Se–Se0.41 2.29 [0.0023]
Se–H3 1.88 0.0054
Se–O3 [3.25] 0.0094
8 Se–C1 1.92 0.0008 7.54 0.081
Se–Se0.41 2.28 [0.0023]
Se–H4 1.88 0.0074
Se–O4 [3.24] 0.0128
HDR + CoM–Se–Se–CoM + DTT 9 Se–C1 1.99 0.0050 0.63 0.189
EHR0C (2-13 A˚1) 10 Se–C1 1.98 0.0005 1.06 0.085
Dk3v = 12.24 Se–Fe1 2.40 0.0011
11 Se–C1 1.98 0.0010 5.93 0.096
Se–Se1 2.34 0.0024
HDR + CoM–SeH 12 Se–C1 1.91 0.0001 9.54 0.167
EHRQC (2-13 A˚1) 13 Se–C1 1.97 0.0003 0.73 0.091
Dk3v = 13.06 Se–Fe1 2.41 0.0016
14 Se–C1 1.97 0.0011 2.11 0.095
Se–Se1 2.35 0.0034
aShell is the chemical unit deﬁned for the multiple scattering calculation. Subscripts denote the number of scatterers per metal. Ras is the metal–
scatterer distance. r2as is a mean square deviation in Ras. DE0 is the shift in E0 for the theoretical scattering functions.
bf 0 is a normalized error (chi-squared):
f 0 ¼
P
i k
3 vobsi  vcalci
  2
=N
n o1=2
k3vobs
 
max
 k3vobs 
min
h i
cNegative values for r2as are not physically possible. We ﬁnd that the amplitude of weak scattering from C atoms in the presence of other dominant
scattering interactions (Se–Se in this case) can be overestimated (by decreasing r2as slightly below zero) in these ﬁts.
dValues in square brackets were ﬁxed during optimization.
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2.4 A˚ (Table 1, ﬁts 10, 13). The Se EXAFS and FTs of these
samples are similar to those for CoM–Se–Se–CoM (Fig. 2B and
inset). In fact, the HDR Se EXAFS data can be ﬁt with shells of
Se–C and Se–Se (Table 1, ﬁts 11, 14). However, these alterna-
tive ﬁts are slightly less satisfactory (higher f) and yield Se–Se
distances longer than found in the diselenide (Table 1; ﬁts 2,
11, 14). Most convincingly, the Se edge data are drastically dif-
ferent (Fig. 2A), suggesting very diﬀerent Se coordination envi-
ronments in CoM–SeH-reacted HDR compared to CoM–Se–
Se–CoM; The major Se species in the CoM–SeH-reacted
HDR sample cannot be the diselenide.4. Discussion
To provide a spectroscopic method to study the CoM–HDR
reaction intermediate, which is formed when oxidized HDR re-
acts with CoM–SH in the absence of CoB–SH, we utilized theSe analog of CoM–SH. We performed Se XAS investigations
on CoM–SeH and CoM–Se–Se–CoM, from which CoM–
SeH was synthesized, for comparison with the CoM–SeH ad-
duct of HDR, allowing us to determine whether any free
CoM–SeH or diselenide existed in the HDR samples. This
was a concern since we do observe some diselenide in a
DTT-reduced sample (Fig. 1; Table 1, ﬁts 6–8).
Two experiments with HDR using CoM–SeH generated un-
der diﬀerent conditions (described in Section 2) resulted in
nearly identical XAS data (Fig. 2, solid and dotted lines). Se
EXAFS and FTs are reminiscent of those of the substrate
diselenide (Fig. 2B). However, the predominant Se environ-
ment in the HDR samples cannot be the substrate diselenide.
First, extensive ultraﬁltration assures that we are examining
a protein-associated site. Second, the Se edge convincingly
demonstrates that this Se environment is quite diﬀerent from
that of the diselenide (Fig. 2A). Third, attempts to ﬁt the Se
EXAFS of HDR samples with a Se–Se interaction results in
chemically unreasonable Se–Se bond distances (Table 1, ﬁts
Fig. 2. Se K edge spectra (A) and FTs (B) (k = 2–13 A˚1) for
HDR + CoM–SeH (solid), HDR + CoM–Se–Se–CoM + DTT (dot-
ted), and the diselenide substrate, CoM–Se–Se–CoM (dashed; same
data as in Fig. 1). k3-weighted EXAFS data are presented as inset to B.
1744 J.E. Shokes et al. / FEBS Letters 579 (2005) 1741–174411, 14). Apparently, Se–Se and Se–Fe scattering have suﬃ-
ciently similar phase that they are diﬃcult to distinguish a pri-
ori. This ambiguity has been pointed out in early studies on
Fe2Se2 compounds [9].
The best ﬁt of the Se EXAFS data for both HDR samples is a
model that contains one Se–C bond (at 1.98 A˚) and one Se–Fe
interaction at2.4 A˚ (Table 1, ﬁts 10, 13). TheCambridge Struc-
tural Database (Wavefunction, Inc.) was searched for Fe–Se–C
fragments, from which a chemically reasonable average Se–Fe
bond distance of 2.42 ± 0.02 A˚ was found [10–16], consistent
with our determination of 2.41 A˚ for HDR + CoM–SeH.
These data provide a direct structural framework to inter-
pret the EPR experiments performed by Duin and colleagues
on HDR incubated with the substrate CoM–33SH [4]. Particu-
larly, it provides direct structural evidence of an Fe–Se interac-
tion in HDR reacted with CoM–SeH, further validating their
proposed mechanism involving the direct attachment of
CoM–SH to an iron, thus forming a [4Fe–4S]3+ cluster with
a ﬁve-coordinate Fe site.Acknowledgments: The XAS data were collected at the Stanford Syn-
chrotron Radiation Laboratory, a national user facility operated by
Stanford University on behalf of the US Department of Energy, Oﬃce
of Basic Energy Sciences. The SSRL Structural Molecular Biology
Program is supported by the Department of Energy, Oﬃce of Biolog-
ical and Environmental Research, and by the National Institutes of
Health, National Center for Research Resources, Biomedical Technol-
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